Hemozoin (malaria pigment), a polymer of hematin (ferri-protoporphyrin IX) derived from hemoglobin ingested by intraerythrocytic plasmodia, modulates cytokine production by phagocytes. Mouse peritoneal macrophages (PM) fed with synthetic ␤-hematin (BH), structurally identical to native hemozoin, no longer produce tumor necrosis factor ␣ (TNF␣) and nitric oxide (NO) in response to lipopolysaccharide (LPS). Impairment of NO synthesis is due to inhibition of inducible nitric oxide synthase (iNOS) production. BH-mediated inhibition of PM functions cannot be ascribed to iron release from BH because neither prevention by iron chelators nor down-regulation of iron-regulatory protein activity was detected. Inhibition appears to be related to pigment-induced oxidative stress because (a) thiol compounds partially restored PM functions, (b) heme oxygenase (HO-1) and catalase mRNA levels were up-regulated, and (c) free radicals production increased in BH-treated cells. The antioxidant defenses of the cells determine the response to BH: microglia cells, which show a lower extent of induction of HO-1 and catalase mRNAs and lower accumulation of oxygen radicals, are less sensitive to the inhibitory effect of BH on cytokine production. Results indicate that BH is resistant to degradation by HO-1 and that heme-iron mediated oxidative stress may contribute to malaria-induced immunosuppression. This study may help correlate the different clinical manifestations of malaria, ranging from uncomplicated to severe disease, with dysregulation of phagocyte functions and promote better therapeutic strategies to counteract the effects of hemozoin accumulation. (Lab Invest 2000, 80:1781-1788.
I
ntraerythrocytic stage plasmodia digest hemoglobin in the food vacuole, where the globin is degraded and heme is detoxified, principally by polymerization/crystallization into hemozoin, an insoluble, microcrystalline derivative of ferri-protoporphyrin IX (␣ hematin, AH) (Bohle et al, 1997; Francis et al, 1997; Pagola et al, 2000; Slater et al, 1991) . As parasites mature, hemozoin (malaria pigment) accumulates in the food vacuole and remains in the "residual body" after schizont rupture. Pigment is found inside host's phagocytes following ingestion of whole parasites or "residual bodies." Although a clinical correlation between the presence of pigment in circulating neutrophils and monocytes and disease severity is established (Nguyen et al, 1995) , the nature of the interaction between pigment and phagocytes, as well as its contribution to the pathogenesis of malaria, and particularly its severe complications, are still controversial. Indeed, both pro-inflammatory (induction of tumor necrosis factor ␣ [TNF␣], interleukin-6 [IL-6], and chemotactic cytokines) (Pichyangkul et al, 1994; Prada et al, 1995; Sherry et al, 1995) and antiinflammatory activities (inhibition of respiratory burst and adhesion molecule expression and of TNF␣ and nitric oxide [NO] production) (Prada et al, 1995; Schwarzer et al, 1992; Taramelli et al, 1995 Taramelli et al, , 1998 have been described in pigment-fed phagocytes. The study of such interactions is simplified now by the availability of ␤-hematin (BH), a synthetic polymer obtained from hematin in acidic conditions. Synthetic pigment is identical to the heme portion of native hemozoin, as conclusively demonstrated by experiments using X-ray diffraction and Fourier transforminfrared (FT-IR) spectroscopy (Bohle et al, 1997; Pagola et al, 2000; Slater et al, 1991) .
Iron metabolism and macrophage functions are closely intertwined. A major role in this regulatory connection is played by the interaction of nitric oxide (NO) and iron regulatory proteins (IRP), the cytosolic proteins that control intracellular iron homeostasis by post-transcriptional regulation of ferritin and transferrin receptor expression (Hentze and Kuhn, 1996) . IRP activity is mainly regulated by cellular iron levels but is also influenced by other stimuli, such as oxygen and nitrogen radicals. Indeed, we have shown that NO modulates IRP binding activity both in human (Recalcati et al, 1998a ) and mouse macrophages (Recalcati et al, 1998b) , thus affecting iron availability. In turn, iron levels modulate cytokine-induced transcription of inducible nitric oxide synthase (iNOS), the inducible enzyme that catalyzes NO formation (Weiss et al, 1995) , thus establishing an autoregulatory loop between iron metabolism and the NO pathway in macrophages. Given this interplay between iron homeostasis and the immune function of phagocytes, we set out to assess the role of pigment heme iron in the unresponsiveness of phagocytic cells.
Results

Role of Heme Iron on BH-Mediated Inhibition of Macrophage Functions
Sonicated BH particles were readily phagocytized by mouse peritoneal macrophages (PM) and BV2 microglia cells. As previously reported (Taramelli et al, 1995) , more than 80% PM or 85% BV2 cells were engulfed with black crystals, which by electron microscopy appeared either scattered throughout the cytoplasm or contained in phagosomes (Olliaro et al, 2000) . No changes in viability, protein content, or respiratory capacity were detected after 24 hours treatment with BH or unpolymerized (monomeric) hematin (AH) or protoporphyrin IX (PPIX, the same porphyrin, but devoid of iron) ( Table 1) .
The production of nitrite by lipopolysaccharide (LPS)-stimulated PM was inhibited in a dosedependent manner by pretreatment with BH and AH, but not PPIX (Fig. 1A) . Such effect of BH could be due either to a NO-scavenging reaction by the heme moiety or to direct inhibition of NO synthesis. To address this question, we investigated the expression of iNOS by Western blot analysis. Pretreatment of PM with BH prevented the increase in iNOS content induced by LPS (Fig. 1B) , thus demonstrating that the impairment of NO production (reported in Fig. 1A ) was due to decreased iNOS.
Because transcription of the iNOS gene is inhibited by iron (Weiss et al, 1995) , we set out to investigate whether the reduction of iNOS content was related to increased intracellular iron, possibly released from the protoporphyrins (BH or AH) (Schwarzer et al, 1992) . For BH, this proved not to be the case. RNA-bandshift assay (Fig. 1C ) was used to measure the activity of iron-regulatory proteins (IRP-1 and IRP-2), which faithfully reflects the status of the intracellular chelatable iron pool (Hentze and Kuhn, 1996) . No significant differences in the binding activity of both IRP-1 and IRP-2 were found in BH-treated PM, suggesting that iron is not released from the pigment, at least during the first 24 hours after ingestion. In contrast, but in agreement with previous findings (Hentze and Kuhn, 1996; Recalcati et al, 1999) , a reduction of IRP activity was detected in PM treated with unpolymerized AH. In this case, the effect could be prevented with the iron chelator desferrioxamine (DFO), whereas the addition of DFO was uneventful with BH. Further evidence that impaired NO production was not caused by iron release was provided by the fact that DFO did not overcome the dose-dependent inhibition of NO production in BH-fed, LPS-stimulated PM (Fig. 1D ). In the same experimental conditions, TNF␣ production too was inhibited by BH (data not shown).
BH-Induced Oxidative Stress Modulates NO Production in Mouse Macrophages and Microglia Cells
Inhibition of NO and TNF␣ production is counterbalanced by sulfydryl group donors (Fig. 1D ) (see also Taramelli et al, 1995) . Therefore, we investigated whether the accumulation of undigested BH could trigger oxidative stress by measuring intracellular ox- 
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ygen radicals based on quantification of the oxidationactivated fluorescent dye, 2Ј, 7Ј-dichlorofluorescein diacetate (DCF-DA) (Poss and Tonegawa, 1998) . A dose-dependent increase in relative fluorescence in the supernatants of BH-treated PM was seen after both 4 hours (data not shown) and 24 hours ( Fig. 2A) . The response to unpolymerized AH was twice as high as with BH, whereas no activation occurred with the non-iron-containing PPIX. In addition, we measured by Northern blot analysis the amount of two transcripts involved in the oxidative stress response: heme-oxygenase 1 (HO-1), a sensitive marker of oxidative stress (Poss and Tonegawa, 1997) , and catalase, an enzyme involved in hydrogen peroxide catabolism. HO-1 mRNA levels increased 4 hours after BH treatment ( Fig. 2B ), albeit comparatively less than after treatment with unpolymerized AH, the physiologic inducer of HO-1 (4.8-and 8.3-fold over control levels, respectively). Induction of catalase gene expression was lower (1.8-and 2.6-fold by BH and AH, respectively). In this case too, PPIX did not show appreciable effects on the level of either transcript, thus confirming the need of iron for activation. In contrast, in BV2 microglia cells, HO-1 mRNA accumulation increased 3.2-fold with hematin and 1.9-fold with BH, whereas catalase gene expression was slightly enhanced (1.7-fold) only by AH (Fig. 3A) . Similarly, both BH and AH induced the release of oxygen radicals (Fig. 3B ), but the fluorescence intensity was considerably lower than in PM (compare Figs. 2A and 3B) . Because the two cell types ingested BH to a similar extent (Taramelli et al, 1995) , the lower response to oxidant stress cannot be attributed to a different accumulation of pigment and is likely to depend on the cell's antioxidant status. In fact, BV2 cells have a lower content of unsaturated membrane fatty acids and higher levels of reduced glutathione (GSH) levels, both indicative of reduced sensitivity to oxidant stress (Omodeo-Salè et al, 1998) .
Discussion
The results of this study demonstrate that the ingestion of synthetic malaria pigment, BH, triggers oxidative stress, which in turn induces depression of phagocyte functions. Moreover, they provide evidence of the relationship between iron, oxidative stress, and immune response in malaria. These results are consistent with the iron-mediated inhibition of iNOS transcription (Weiss et al, 1995) and the NO-dependent, IRP-mediated modulation of the expression of iron genes (Recalcati et al, 1998a (Recalcati et al, , 1998b ). In the case of Free iron does not mediate the unresponsiveness of ␤ hematin (BH)-treated macrophages to lipopolysaccharide (LPS). A, Inhibition of nitrite production in LPS-stimulated peritoneal macrophages (PM) by BH or monomeric hematin, but not non-iron protoporphyrin IX (PPIX). PM were left untreated (controls) or pretreated for 24 hours with 100 g/ml of BH, ␣ hematin (AH), or PPIX and then stimulated with LPS (1 g/ml) for 24 hours. Data are expressed as the percentage of control Ϯ SD of three independent experiments, in triplicate. B, Western blot analysis of inducible nitric oxide synthase (iNOS) content. Cytoplasmic extracts were prepared from PM pretreated with BH and then stimulated with LPS as described above. Equal amounts of proteins were processed as described in the "Materials and Methods" section, and iNOS-corresponding bands were visualized by chemiluminescence. The results shown are representative of three independent experiments. C, Modulation of iron regulatory protein (IRP)-1 and IRP-2 activity in BH-or AH-treated PM, plus or minus desferrioxamine (DFO). The assay was carried out in the absence or in the presence of 2% 2-mercaptoethanol (2ME) to reveal the spontaneous and total IRP activity, respectively. The autoradiogram shown is representative of four independent experiments. D, Thiols, but not iron chelators, counterbalance the inhibition of nitrite production in PM. PM were pretreated for 24 hours with different doses of BH in the absence (black circles) or presence of 8 mM reduced glutathione (GSH, black squares) or 100 M DFO (black triangles) and then stimulated with LPS (1 g/ml) for 24 hours. White symbols represent control supernatants of PM not stimulated with LPS. Data represent mean Ϯ SD from triplicate samples (n ϭ 4). the unresponsiveness of malaria pigment-fed macrophages, we demonstrate that the metal does not act directly, but rather as a catalyst of oxidative damage. This conclusion is based on several observations: (a) the ingestion of BH triggers the production of reactive oxygen radicals and the up-regulation of stress proteins such as HO-1 and catalase; (b) BH-fed phagocytes recover the ability to produce cytokines upon addition of sulfydryl-group donors; (c) heme-bound, but not free, iron is required; and (d) pigment effects depend on a cell's susceptibility to oxidative stress.
Because reduced glutathione is critical to iNOS mRNA induction (Duval et al, 1995) , the oxidantdependent depletion of intracellular thiol levels could represent the molecular connection between oxidative stress and the inhibition of iNOS synthesis. A direct inhibition of iNOS by hydrogen peroxide has also been reported in mesangial cells (Jaimes et al, 1997) . Furthermore, prior induction of a stress response has been shown to inhibit nuclear transcription factor B (NF-B)-mediated gene regulation (Wong et al, 1997) and cytokine release (Zahler et al, 2000) . Thus, BHinduced production of oxygen free radicals may prevent iNOS gene transcription, possibly through inhibition of protein kinase C membrane translocation (Arese and Schwarzer, 1997) , by blocking the interaction of NF-B with its binding site in the 5Ј-flanking region of the iNOS gene.
Alternatively, the effect of oxidative stress on the impairment of PM functions could be mediated not by oxygen radicals per se, but through HO-1 induction. Both a pro-and anti-inflammatory role have been ascribed to HO-1. In particular, our results point to the existence of an immunoregulatory loop involving undegraded heme/malaria pigment, HO-1 up-regulation, and phagocytes functions. This immunoregulatory loop may be relevant in the pathogenesis of malaria infections. HO-1 is induced by a variety of agents causing oxidative stress (Poss and Tonegawa, 1998) , but also undergoes adaptive regulation in response to its physiological substrate, heme. Although we cannot rule out the possibility that the increased HO-1 expression may be a direct effect of the heme moiety of BH, the results presented in Figure 2 , along with the finding that the effect of BH on nitrite production was prevented by reducing agents, suggest that HO-1 up-regulation is caused by BH-induced oxidative injury. This conclusion is in agreement with the increased levels of lipid peroxidation induced by malaria pigment in human monocytes (Arese and Schwarzer, 1997) and mouse macrophages (Omodeo-Salè et al, 1998) . In view of these considerations, it is difficult to reconcile our results with recent reports of the lack of induction of HO-1 in hemozoin-fed human monocytes (Schwarzer et al, 1999 ) that had been shown to experience oxidative stress upon ingestion of hemozoin (Schwarzer et al, 1992) . Whether BH and native hemozoin indeed differ in their ability to induce HO-1 expression in different cells is presently under investigation. Undeniably, differences, if they exist, may not be ascribed to the hematin polymer per se (that is identical in the native and natural compound), but rather to the lipid and/or protein components of the pigment. Results with the latter compound are, however, largely determined by the method of preparation (Pichyangkul et al, 1994) . 
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Indeed, the anti-inflammatory role of HO-1 has been recently largely documented: (a) HO-1 up-regulation and inflammation are inversely related (Foresti and Motterlini, 1999; Willis et al, 1996) ; (b) HO-1-deficient mice present symptoms similar to those of patients with chronic inflammation (Poss and Tonegawa, 1997) ; (c) HO-1 may have a protective effect against arteriosclerosis associated with chronic rejection of transplants (Hancock et al, 1998) and against ischemia/reperfusion injury in a rat model (Amersi et al, 1999) . Moreover, the end products of HO-1 activation, including biliverdin, bilirubin, and CO, are potent antioxidants and are known to modulate immune effector functions. In particular, CO directly inhibits iNOS activity by binding to the heme moiety of iNOS and thus down-regulating NO production (Ryter and Tyrrel, 2000) .
The finding that oxidative stress-mediated activation of HO-1 in pigment-fed macrophages prevents the subsequent inflammatory response is in line with the above observations. On the other hand, lack of down-regulation of NO and TNF␣ production by stress-resistant microglia cells may contribute to the deleterious and abnormal cytokine levels associated with cerebral malaria (Grau et al, 1987; Kremsner et al, 1996; Kwiatkowski et al, 1990; Newton at al, 1998) , leading to the apparently paradoxical and unexpected conclusion that oxidative stress may be beneficial in some anatomical districts. This iterates the views cautioning against labeling biological processes as exclusively favorable or exclusively noxious (Platt and Nath, 1998) .
The induction of HO-1 by BH does not lead to an increase of intracellular iron levels, suggesting that, differently from monomeric hematin, BH is not readily susceptible to enzymatic cleavage by HO-1 and remains apparently undegraded inside the phagocytes. This is in agreement with similar findings with native hemozoin in monocytes (Schwarzer et al, 1999) .
The lack of IRP down-regulation, as well as the observation that the treatment of BH-fed macrophages with DFO does not lead to functional recovery, allows hypothesizing that, albeit inhibition of NO and TNF␣ production requires iron, the effect occurs while the metal is porphyrin-bound. This contrasts with previous work (Schwarzer et al, 1992) ascribing intoxication of human monocytes to iron released from ingested hemozoin (resulting in approximately 120 M of free intracellular iron). This could not be the case because the release of such an amount of iron would be easily detected by the IRP bandshift assay which can measure variations of the free iron pool in the nanomolar range (Pourzand et al, 1999) . In principle, we cannot exclude the possibility that the unchanged IRP activity in BH-treated cells may be the net result of the opposed effects of iron-mediated down-regulation and H 2 O 2 -mediated up-regulation. However, we believe there is sufficient convincing evidence that this is not the case: (a) IRP-2 activity, which is sensitive to iron (Hentze and Kuhn, 1996) but not to H 2 O 2 (Menotti et al, 1998, and references therein), is also unchanged in BH-treated cells, and (b) IRP activity is clearly down-regulated in macrophages treated with unpolymerized AH in which production of oxidant species detected by DCF-DA is even greater than in BHtreated cells (Fig. 2A) .
The occurrence of oxidative stress in the absence of detectable iron mobilization may involve the formation of higher oxidation states of iron, which remain coordinated within the porphyrin molecule and cannot be intercepted by chelators. This bears similarities with the oxoferryl moiety of activated peroxidases (Kim and Sevanian, 1991) . Whether the polymerization of hematin into hemozoin or BH enhances the formation and half-life of peroxidase-like species remains to be established. The mechanism proposed above would account for several aspects of the oxidative potential of malaria pigment, including the lack of protection by DFO as opposed to protection by electron donors like thiols or Trolox. From a therapeutic viewpoint, the results obtained with BH-fed PM would provide alternatives to the minor improvements obtained with iron chelators in cerebral malaria (Weiss et al, 1998) or the recrudescence of parasitemia after treatment (Gordeux et al, 1992) . They may also help provide a rationale for protective interventions with anti-oxidants.
Conclusions
These findings potentially have important clinical and pathophysiological correlates and may help reconcile reports of both pro-inflammatory (Pichyangkul et al, 1994; Prada et al, 1995; Sherry at al, 1995) and suppressive (Arese and Schwarzer, 1997; Schwarzer et al, 1992; Taramelli et al, 1995 Taramelli et al, , 1998 ) activity of ingested hemozoin in either human or mouse phagocytes. The risk for malaria-associated morbidity and mortality is highest in nonimmune subjects, particularly young children living in endemic areas. In these subjects, severity of disease correlates, amongst other things, with the levels of TNF␣ (Grau et al, 1987; Kwiatkowski et al, 1990; Newton et al, 1998) and pigment load in circulating monocytes and neutrophils (Nguyen et al, 1995) . As patient conditions deteriorate and cerebral malaria occurs, brain capillaries are filled with infected erythrocytes and pigment-laden monocytes (Newton et al, 1998) . It is conceivable that a vicious circle occurs whereby increasing oxidative damage is induced by pigment that continues to accumulate in increasing numbers of sequestered phagocytes. All cells are not equally susceptible to oxidative damage, thus it should be possible to predict the resulting effect of pigment in different tissues, ie, accumulation in stress-resistant tissues would prolong and exacerbate the inflammatory response. With age, immunity builds up in areas of intense transmission where repeat exposure to malaria infection consorts with accumulating pigment, thus unwavering induction of HO-1, which may play an antiinflammatory role. Cellular and humoral immunity, as well as down-regulation of excessive release of mediators, may contribute to the milder manifestations of malaria in adults from endemic areas.
Methods
Reagents
Unless otherwise indicated, all reagents were obtained from Sigma Italia (Milan, Italy).
Synthesis of ␤-Hematin
BH was synthesized according to Slater et al (1991) with slight modifications. In short, 60 moles of hematin (ferri-protoporphyrin IX hydroxide) were dissolved in 8 ml of 0.1 M NaOH, under N 2 , then precipitated by the addition of 49 mmol of acetic acid. The suspension was heated overnight at 70°C, and the precipitate was then centrifuged and washed four times with distilled water. Unreacted hematin was removed by extracting the precipitate twice for 3 hours in 0.1M sodium bicarbonate buffer at pH 9.1. The remaining insoluble material was recovered by centrifugation, washed four times in distilled water, and lyophilized. The characteristics of the final product were routinely controlled by infrared spectroscopy as reported elsewhere (Slater et al, 1991) . Batches of BH that did not meet standard criteria for purity were discarded. To facilitate the treatment of cell monolayers with insoluble BH, the compound was resuspended in the culture medium, mechanically microdispersed, and then sonicated (Taramelli et al, 1995) .
Cell Isolation and Treatment
Proteose-peptone-elicited peritoneal macrophages (PM) were recovered from 6-to 8-week-old, pathogen-free female CD1 mice (Charles River Italia, Calco, Italy) that were housed, fed, and handled in compliance with the prescriptions for the care and use of laboratory animals. PM were purified by adherence to plastic in tissue culture clusters (Corning-Costar Italia, Milan, Italy) for 2 hours at 37°C in 5% CO 2 . The retrovirus immortalized, BV2 microglia cell line of Balb/c origin (Blasi et al, 1990) , was kindly provided by Prof. Elisabetta Blasi, University of Modena, Italy. Cells were grown in RPMI 1640 (HyClone Laboratories, Logan, Utah) supplemented with 100 IU/ml of penicillin, 2 mM glutamine, 100 g/ml streptomycin, 20 mM Hepes buffer, and 5% FCS (HyClone). PM and BV2 cells were seeded in quadruplicate and treated with BH or freshly prepared hematin (AH) or protoporphyrin IX for different times. Cell viability and metabolic activity were tested by trypan blue exclusion and reduction of 3-(4, 5-dimethylthiazol-2-yl)-2,5 diphenil tetrazolium bromide (MTT) to formazan crystals, as described (Taramelli et al, 1995) . The plates were then read on a microplate reader (Molecular Devices Company, Menlo Park, California) using a test wavelength of 550 nm and a reference wavelength of 680 nm. Where indicated, reduced glutathione (GSH), desferrioxamine (DFO), or Trolox C were used together with BH to treat PM or BV2 cells. For the detection of Taramelli et al oxidative stress, DCF-DA (Sigma Italia) was freshly diluted in culture medium from stock solutions in methanol and added to PM or BV2 cultures at 50 M for 15 minutes. Cells were then washed and incubated overnight with the appropriate stimulus at 37°C. The fluorescence of the supernatants was determined using a Perkin Elmer LS50 luminescence spectrometer (Perkin Elmer, Foster City, California) with an excitation wavelength of 492 nm and emission at 522 nm (Poss and Tonegawa, 1998) . Data were processed using the Perkin Elmer data manager. The Griess reagent was used to measure nitrites in the supernatants of macrophages stimulated with LPS (1 g/ml) for 24 hours (Taramelli et al, 1995) .
RNA-Protein Gel Retardation Assay
Cell lysates were prepared from PM and incubated in the absence or presence of 2% 2-mercaptoethanol, with a molar excess of a probe transcribed from linearized pSPT-fer, which contains the iron responsive elements (IRE) of human ferritin H chain, as described previously (Cairo et al, 1997) . After separation on 6% nondenaturing polyacrylamide gels, RNAprotein complexes were visualized by autoradiography and quantified by direct nuclear counting using an Instant Imager (Packard Instrument Company, Milano, Italy).
Western Blot Analysis
Equal amounts of proteins from PM cytosolic extracts were electrophoresed in 10% acrylamide-SDS gels, electroblotted to Hybond PVDF membranes (Amersham Pharmacia Biotech, Milan, Italy), and incubated with a 1:1.000 dilution of antiserum to mouse iNOS (Alexis Corporation, Läufelfingen, Switzerland). iNOS was detected by chemiluminescence using an immunodetection kit (ECL Plus, Amersham Pharmacia Biotech) according to the manufacturer's instructions (Recalcati et al, 1998a) .
Northern Blot Analysis
Total cellular RNA was isolated as described (Cairo et al, 1995) and equal amounts of RNA were electrophoresed under denaturing conditions. To confirm that each lane contained equal amounts of total RNA, the ribosomal RNA content in each lane was estimated in the ethidium bromide-stained gels by laser densitometry. RNA was transferred to Hybond-N filters (Amersham Corporation) that were hybridized with the 32 Plabeled rat pRHO1 heme oxygenase cDNA (Cario et al, 1995) and rat pMJ512 catalase cDNA (Furuta et al, 1986) . Quantitative determination was achieved by direct nuclear counting using an Instant Imager (Packard Instrument Company) and the values were normalized to the amount of ribosomal RNA.
